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Abstract
The mechanisms that underlie iron toxicity in cells and
organisms are poorly understood. Previous studies of
regulation of the cytosolic iron sensor, iron-regulatory
protein 2 (IRP2), indicate that iron-dependent oxidation
triggers ubiquitination and proteasomal degradation of
IRP2. To determine if oxidization by iron is involved in
degradation of other proteins, we have used a carbonyl
assay to identify oxidized proteins in lysates from RD4
cells treated with either an iron source or iron chelator.
Protein lysates from iron-loaded or iron-depleted cells
were resolved on two-dimensional gels and these iron
manipulations were also repeated in the presence of pro-
teasomal inhibitors. Eleven abundant proteins were
identified as prone to iron-dependent oxidation and sub-
sequent proteasomal degradation. These proteins in-
cluded two putative iron-binding proteins, hNFU1 and
calreticulin; two proteins involved in metabolism of hy-
drogen peroxide, peroxiredoxin 2 and superoxide dis-
mutase 1; and several proteins identified in inclusions in
neurodegenerative diseases, including HSP27, UCHL1,

actin and tropomyosin. Our results indicate that cells can
recognize and selectively eliminate iron-dependently ox-
idized proteins, but unlike IRP2, levels of these proteins
do not significantly decrease in iron-treated cells. As iron
overload is a feature of many human neurological dis-
eases, further characterization of the process of degrada-
tion of iron-dependently oxidized proteins may yield
insights into mechanisms of human disease.

Copyright © 2002 S. Karger AG, Basel

Introduction

Iron is a necessary nutrient for virtually all cells and
mammalian iron homeostasis is accordingly highly regu-
lated [reviewed in Sheth and Brittenham, 2000; Rouault,
2001, and reviews cited therein]. In tissues such as mam-
malian liver and basal ganglia of the brain, iron content is
characteristically high relative to other tissues [Dexter et
al., 1992]. In genetic hemochromatosis, abnormal hepato-
cyte iron content is recognized as a cause of cellular dys-
function and cirrhosis [Brissot et al., 2000]. Increased
neuronal iron content may also contribute to pathogenesis
in some human neurodegenerative diseases such as Par-
kinson’s and Alzheimer’s diseases [Sayre et al., 1999].
Iron is an important bound cofactor of numerous proteins
because of its ability to facilitate chemical reactions that
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involve single electron transfers. In addition, other pro-
teins contain non-iron cation binding sites or accessible
cysteines that can dynamically exchange and bind iron if
free iron concentrations are sufficiently high. Both spe-
cific iron-binding proteins and those that may inadver-
tently bind iron are at risk from oxidations that occur
when protein-bound iron catalyzes the formation of hy-
droxyl radicals [Stadtman and Oliver, 1991]. Hydroxyl
radicals generated by protein-bound iron are highly reac-
tive and often damage residues close to the iron binding
site. As a consequence, proteins that undergo iron-depen-
dent oxidation often lose function through loss of amino
acid side chains or through peptide backbone cleavage
[Stadtman and Oliver, 1991]. Thus, there are many incen-
tives for cells to protect their proteins from exposure to
excess free iron.

Regulation of cellular iron metabolism has been exten-
sively studied and iron uptake and sequestration are high-
ly regulated to optimize intracellular iron concentrations
[reviewed in Rouault, 2001]. Iron regulatory proteins
(IRP1 and IRP2) are cytosolic proteins that post-tran-
scriptionally regulate expression of several iron metabo-
lism proteins, including the transferrin receptor and ferri-
tin, by binding to RNA stem-loops known as iron-respon-
sive elements within the transcripts that encode these pro-
teins. The importance of regulation of iron metabolism is
illustrated by the fate of mice in which IRP2 is genetically
ablated. Even though these IRP2–/– mice are normal in
young adulthood, they develop a late-onset progressive
neurodegenerative disease characterized pathologically
by axonal iron overload and degeneration, and clinically
by tremor and gait abnormalities [LaVaute et al., 2001].

An area of study that has received considerably less
attention than regulation of genes involved in iron metab-
olism relates to whether cells selectively identify and
remove oxidatively damaged proteins from their various
compartments. The extent to which selective degradation
contributes to characteristic turnover rates of individual
proteins is often not known. Since mammalian cells have
the capacity to efficiently and specifically degrade pro-
teins in proteasomes and lysosomes, it is likely that cells
can specifically identify and degrade oxidatively damaged
proteins and that the importance of such processes in the
response of cells to oxidative stress is not yet fully appre-
ciated.

Over the past several years, we have characterized the
iron-dependent degradation of the cytosolic iron sensor,
iron regulatory protein 2 (IRP2). In iron-replete cells,
IRP2 generally cannot be detected because it is efficiently
degraded by the proteasome [Iwai et al., 1995; Guo et al.,

1995]. Use of efficient proteasome inhibitors enabled us
to analyze the steps that lead to iron-dependent degrada-
tion of IRP2 [Iwai et al., 1998]. We determined that puri-
fied IRP2 exposed to iron and oxygen in vitro acquired
characteristic iron-dependent oxidation and cleavage
reactions. In cells treated with proteasome inhibitors, a
characteristic iron-dependent oxidation was identified
through use of reagents that detect carbonyl formation
[Levine et al., 1994]. Use of proteasomal inhibitors also
demonstrated that IRP2 was ubiquitinated prior to its
degradation and in vitro ubiquitination assays indicated
that iron-dependently oxidized IRP2 was the substrate for
the ubiquitination reaction. IRP2 contains a degradation
domain consisting of 73 amino acids that contains five
cysteines and numerous acidic residues, and this domain
appears to have evolved into an excellent binding site for
free or heme iron. Thus, IRP2 is an effective iron sensor
because it undergoes efficient iron-dependent oxidation
and proteasomal degradation in iron-replete cells. This
mechanism of sensing is both direct and reliable, since the
fully degraded protein cannot be inadvertently reacti-
vated [Iwai et al., 1998].

To evaluate whether other proteins in addition to IRP2
are subject to iron-dependent oxidation and degradation,
we performed analyses of whole cell lysates from cells
grown under a variety of conditions. RD4 cells, a rhabdo-
myosarcoma cell line, were treated with an iron source or
an iron chelator during growth [DeRusso et al., 1995] and
lysates were analyzed on two-dimensional gels, separating
by both charge and size. A carbonyl assay was performed
to identify oxidative modifications [Levine et al., 1994].
In addition, we repeated the same experiment in the pres-
ence of proteasomal inhibitors [Fenteany et al., 1995] as
we recognized from previous studies of IRP2 that the oxi-
datively damaged form of IRP2 is absent in living cells
that contain functional proteasomes.

Our studies have led to identification of numerous pro-
teins that contain carbonyl modifications in cells treated
with both iron and proteasomal inhibitors, but not in cells
treated only with iron or with desferal. In this group of
proteins, the carbonyl modifications are most readily
detected when proteasomal function is inhibited, imply-
ing that cells possess mechanisms that allow them to selec-
tively remove oxidized proteins. In the case of IRP2, the
process of iron-dependent oxidation and proteasomal re-
moval is efficient and IRP2 levels change markedly de-
pending on intracellular iron concentrations, thus en-
abling IRP2 to function directly as an iron sensor [Iwai et
al., 1998]. In the other proteins we have thus far identi-
fied, the oxidatively modified proteins appear to repre-
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sent a small fraction of the total protein that is neverthe-
less efficiently removed in the intact cell. Thus, these
experiments imply that there is an active and efficient
quality control system in cells that allows for the selective
removal of iron-dependently oxidized proteins by the pro-
teasome.

Methods

Cell Growth and Sample Preparation
RD4 cells were grown in DMEM supplemented with 10% fetal

bovine serum, 200 U/ml penicillin, 0.1 mg/ml streptomycin, and
2 mM glutamine to a density of 50% confluency before being treated
for 16 h with either deferoxamine mesylate (Df) (100 ÌM ) or ferric
ammonium citrate (FAC) (100 mg/ml) in either the presence or
absence of 5 ÌM lactacystin (Corey Lab, Harvard). These iron treat-
ments do not significantly change cell viability or protein synthesis
[DeRusso et al., 1995]. Cells were then washed twice with cold PBS
and scraped from the plate. Cells treated with FAC or Df were lysed
with 200 Ìl reaction buffer (8 M urea, 0.06% SDS, 3.2% Triton X-
100, 120 mM DTT, 100 mM Df, 40 mM Tris, pH 8.0). To this was
added 200 Ìl of 20 mM 2-4 dinitrophenylhydrazine (DNPH) (Al-
drich D19-930-3) in 10% TFA. After 10 min, the labeling reaction
was quenched with 160 Ìl of 2 M Tris base and placed in a Slide-
a-Lyser cassette for 45 min vs. 1 liter of 1/20th dilution of reaction
buffer.

2D Electrophoresis
The sample was then lyophilized to 100 Ìl (F6! concentration)

and diluted with 150 Ìl ID sample buffer (5 M urea, 4% Triton X-
100, 5.5% ampholytes 3–10). Protein assays were done using the
Bradford Assay (Pierce). Proteins were separated by 2D electropho-
resis according to the manufacturer’s instructions (Genomic Solu-
tions, Chelmsford, Mass., USA). Briefly, samples (600 or 2,000 Ìg)
were subjected to IEF separation on a 3 ! 260 mm tube gel of 4.4%
acrylamide for 18 h using 10 mM phosphoric acid and 100 mM
NaOH as the buffers. The tubes were prepared for the second dimen-
sion by extruding them into 50 ml of equilibration buffer (6 M urea,
130 mM DTT, 30% glycerol, 45 mM Tris, 1.6% SDS, 0.002% bro-
mophenyl blue, pH 7.0). The buffer was changed twice at 15-min
intervals. They were then laid on a 10% SDS-PAGE gel (1 mm,
Genomic Solutions) and overlaid with 1% agarose to cement them in
place. These were run until the bromophenyl blue was within 1 cm of
the bottom of the gel (F21 cm gel separation, F5 h). Gels were
transferred via the semidry method (Genomic Solutions) for 45 min
to either Immobilon-P or nitrocellulose as needed. Carbonyl assays
were performed as described in Levine et al. [1995] and gels run in
parallel were stained with Coomassie brilliant blue.

Protein and Western Blot Analysis
Proteins transferred to Immobilon-P were visualized by Coomas-

sie staining. To detect carbonyl modifications, nitrocellulose protein
blots were probed with anti-dinitrophenyl (DNP) antibodies using
described blotting procedures [Levine et al., 2000]. Post-transfer
staining of the blots was performed with Amido black according to
the same procedures to assess transfer efficiency.

Alternatively, lysates of treated cells were evaluated by SDS-
PAGE and transferred to Immobilon-P membranes. ECL blot analy-

sis was performed using antibodies to the following proteins – IRP2
(Rouault Lab, NIH), Cu/Zn superoxide dismutase (RDI), heat shock
protein 27 (Stressgen), tropomyosin (Sigma), B23 nucleophosmin
(Santa Cruz), actin (Santa Cruz), calreticulin (Novus), heat shock
protein 60 (Santa Cruz), and stathmin (Santa Cruz).

Protein Identification
10 mg of RD4 sample was generated as described and run on 5

parallel gels. Gels were stained with Coomassie and images generated
from stained gels were overlaid with the results of the anti-DNPH
analysis. Colocalizing spots were excised from the 5 gels and submit-
ted separately for identification.

In gel digestion of the SDS-PAGE separated proteins was carried
out using a procedure similar to that published by the Association of
Biomolecular Resource Facilities (ABRF) [Association of Biomolec-
ular Resource Facilities, http: www.abrf.org ABRF Research Com-
mittees intprotseqrescomm.html, 1997]. The excised protein bands
were washed and in gel digested using modified porcine trypsin
(Promega). The resulting peptides were extracted in two steps, par-
tially dried, redissolved in 0.1% TFA (Aldrich); salts were removed
using C18-ZipTip® (Millipore) solid-phase extractions into 10 Ìl of
1:1 0.1% TFA:acetonitrile.

Two approaches for mass spectrometric analysis were routinely
taken for each digest sample. First, 10% of the digest was used for
peptide mass fingerprinting by MALDI-TOF mass spectrometry.
That is, 1 Ìl of the extracted digest was applied to a MALDI sample
plate along with an equal volume of matrix solution. The matrix was
a saturated solution of ·-cyanocinnamic acid (Aldrich) in 1:1–0.1%
TFA:acetonitrile. A Voyager DE-STR (Applied Biosystems, Fra-
mingham, Mass., USA) operated in the reflector mode was used for
these analyses. The spectra were used to produce mass lists of ions
having signal-to-noise ratios more than 3-fold greater than back-
ground. These mass lists were used as input for searching non-redun-
dant mammalian data bases using both ProteinProspector [Clauser
et al., 1995] and Mascot [Perkins et al., 1999].

The second approach was to take some portion of the remainder
of the extracted peptides and subject them to analysis by LC-MS/MS.
The extracts were partially dried and resuspended in 9 Ìl of 0.1%
TFA. An aliquot of this resuspended sample, 2–5 Ìl, was injected
onto a packed capillary gradient MAGIC LC system (Michrom Bio-
resources, Auburn, Calif., USA) operated at 400 nl/min using a Mi-
chrom Magic constant pressure splitter. Samples were separated
using a 10-min linear gradient, 2–85% B (A: 5% acetonitrile in water
with 0.5% acetic acid and 0.005% TFA; B: 80% acetonitrile in water
with 0.5% acetic acid, 0.005% TFA) with a Vydac C18, 5 mm parti-
cle, 300 Å pore packing material. Columns, approximately 5 cm in
length, were packed by hand using a pressure bomb into a 75-Ìm ID
fused silica capillary PicoFrit® (New Objective, Woburn, Mass.,
USA). The LC effluent was electrosprayed directly into the sampling
orifice of an LCQ DECA (Thermo Finnigan, San Jose, Calif., USA)
using an adaptation of the microscale electrospray interface devel-
oped by Lee and co-workers [Davis et al., 1995]. The LCQ DECA
was operated in a mode that automatically generated MS-MS spectra
of the four most intense peaks present in any single scan of the ion
tran which exceeded a pre-set threshold. Peptide partial internal
sequence data produced by the LC-MS/MS experiments were sub-
jected to analysis using both SEQUEST [Yates et al., 1995] and
MASCOT programs employing the mammalian portions of nonre-
dundant data bases.
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Table 1. Proteins identified as
iron-dependently oxidized and degraded
by the proteasome

Spot Protein identification1 Accession
No.

Peptides
matched

Coverage2

1 Cu/Zn superoxide dismutase 4507149 9 127/154 (82%)
2 Peroxiredoxin 2 2507169 10 81/198 (41%)
3 Ubiquitin C-terminal hydrolase 136681 14 141/223 (63%)
4 HSP27 123571 5 50/199 (25%)
5 DJ-1 2460318 6 43/189 (23%)
6 HIRIP5/hNFU1 7661720 5 52/196 (27%)
7 Tropomyosin 37424 36 206/248 (83%)
8 B23 nucleophosmin 825671 13 124/294 (42%)
9 Actin

gamma 4501885 18 157/375 (42%)
beta 4501887 18 157/375 (42%)

10 Calreticulin 4757500 15 179/417 (43%)
11 HSP60 129379 18 284/573 (50%)
123 Calumenin 2809324 13 53/315 (17%)
133 Stathmin 134973 18 92/149 (62%)

Proteins identified by mass spectrometry are listed according to the numbering shown in
figure 2. Accession numbers and number of amino acids sequences vs. total amino acid con-
tent is shown. For actin, the sequences of gamma and beta are close to one another, and
sequencing did not permit a distinction to be made.
1 Proteins identification was determined from searching the human subset of the non-
redundant NCBI database with peptide masses from the MALDI spectra using Mascot. The
protein with the highest score for each spot is shown, and in all cases the probability-based
Mowse score for the match was well above the level of significance (p ! 0.05). For proteins 5
and 6, identification was based on database matching for the LC/MS/MS spectra, using Mas-
cot and the merged DTA files generated from the MS/MS spectra using Sequest.
2 Coverage was calculated from the number of amino acid residues in the matched pepti-
des, divided by the total number of residues in the protein.
3 Non-oxidized control proteins were numbers 12 and 13, calumenin and stathmin.

In general, the MALDI-TOF approach, while rapid, did not yield
convincing identifications of most proteins in these samples. The
most reliable results for the identification of the isolated proteins
were obtained using the MASCOT probability based searching
approach with the LC-MS/MS data.

Results

In cells treated with iron, numerous individual pro-
teins contained carbonyl modifications when compared
with cells treated with Df (fig. 1A vs. 1C). Addition of the
proteasomal inhibitor lactacystin to iron-depleted cells
resulted in a small increase in the number of oxidatively
modified proteins within the lysate (fig. 1B). In contrast,
addition of lactacystin to cells treated with iron prior to
lysis dramatically increased the number of oxidatively
modified proteins detected (fig. 1C vs. 1D). Comparisons
of Coomassie-stained blots from the four conditions dem-

onstrated that total amounts of distinct and abundant
proteins changed little in each of the four treatment condi-
tions.

We selected 11 abundant oxidized proteins that occu-
pied distinctive locations in the gel for identification by
mass spectrometry. In figure 2, a representative Coomas-
sie-stained gel is shown, and carbonyl-modified proteins
that co-localized with Coomassie-stained proteins are
numbered (1–11) both in the carbonyl blot (L panel) and
in the corresponding Coomassie-stained gel (R panel). In
addition, two additional protein spots (12 and 13) were
selected for identification specifically as controls because
they could be identified in the Coomassie-stained gel but
were not prominently carbonyl-modified. Each of the pro-
tein spots was excised from the gel and subjected to MS/
MS identification. In table 1, the proteins identified as
subject to iron-dependent oxidation are listed and the
non-oxidized control proteins detected only on Coomas-
sie staining are indicated.
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SOD1

Fig. 1. Many proteins are carbonylated in vivo in the presence of
iron and lactacystin. RD4 cells were cultured for 16 h in the presence
of either 100 Ìg/ml ferric ammonium citrate (FAC) (Sigma) or
100 ÌM deferoxamine mesylate (Df) (Sigma) in the presence or
absence of 5 ÌM lactacystin. Cells were harvested and lysed in a buff-
ered urea solution and derivatized with DNPH (see ‘Materials and
Methods’). Duplicate samples (600 Ìg total protein/gel) were sepa-
rated on preparative 2D gels (Genomic Solution, Chelmsford, Mass.,

USA) and transferred to membranes for either anti-DNPH blots
(shown above) or Coomassie brilliant blue staining (data not shown).
Blots shown represent proteins of approximately 10–50 kD and pI
5–8 (left to right). The gels shown are representative of an experiment
that was repeated with similar results four times. For purposes of
orientation, the spot that corresponds to SOD1 is marked with an
arrowhead in all four gels.
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Fig. 2. Oxidized proteins selected for MS identification. Scans of
both the iron and lactacystin carbonyl blot and the Coomassie blots
were overlaid using the program 2D-Analyzer (Bioimage, Ann Arbor,
Mich., USA) running on a Sparc5 Sun system. Only those spots that
were overlaid by both the computer and by eye were excised from
gels for identification. Spot 1 represents SOD1 (see fig. 1). The
remaining spots were as follows: spot 2 = peroxiredoxin 2; spot 3 =

ubiquitin C-terminal hydrolase 1; spot 4 = HSP27; spot 5 = DJ-1;
spot 6 = HIRIP5/hNFU1; spot 7 = tropomyosin; spot 8 = B23 nucleo-
phosmin; spot 9 = actin; spot 10 = calreticulin; spot 11 = HSP60; spot
12 = calumenin; spot 13 = stathmin. Spots 12 and 13 were selected
because they were abundant but were not notably oxidized. Dashed
lines indicate area of gel shown in figure 1D.

The most dramatically iron-dependently oxidized pro-
tein was cytosolic superoxide dismutase (SOD1, fig. 1,
and spot 1, fig. 2). Although carbonyl content changed
dramatically depending on iron status, this spot appeared
to be equally prominent in Coomassie-stained blots corre-
sponding to all four different treatments of figure 1 (data
not shown), and Western blots verified that total levels of
SOD1 did not change according to whether the cells were
treated with iron (fig. 3). Thus, unlike IRP2 (fig. 3, top),
there is no striking decrease in SOD1 total protein in
lysates from cells treated with iron, but similar to IRP2,
carbonyl content increases in the presence of iron and lac-
tacystin. Notably, when proteasomal function is intact,
much less oxidized SOD1 is visible, implying that the oxi-
dized form of SOD1 has been specifically degraded. Thus,
either the fraction of this protein that undergoes iron-
dependent oxidation and proteasomal degradation over
the 16-hour treatment period is small relative to total cel-

lular SOD1, or the cells compensate for the loss of SOD1
that results from degradation.

The iron-dependent oxidation of spots 2 and 5, identi-
fied respectively as peroxiredoxin 2 and DJ-1, may also be
attributable to metal-catalyzed oxidation. Peroxiredoxin
2, formerly known as thioredoxin peroxidase [Chae et al.,
1999; Rhee et al., 1999], is a member of a large family of
hydroperoxide reductases that could be vulnerable to
damage by high iron when the substrate hydrogen perox-
ide is bound. DJ-1 has been previously shown to be oxi-
dized in paraquat-treated cells [Mitsumoto et al., 2001].

The gene that encodes the protein at spot 3 is ubiquitin
carboxyl-terminal esterase L1 (UCHL1). Spot 3 is one of
the most noteworthy spots on the gel, because it is promi-
nently oxidized in cells treated with iron and lactacystin,
whereas it is not even perceptibly oxidized in cells treated
with Df. Notably, the amount of oxidized UCHL1 is
increased when proteasomes are inhibited, implying that,
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Fig. 3. Selective removal of iron-dependently oxidized proteins does
not change total amounts of each protein in iron-treated cells. Lysates
of treated cells were separated by SDS-PAGE and transferred to
Immobilon-P membranes. Amounts of total protein loaded varied
from 2 to 100 Ìg/lane depending on the antibody being used. Anti-
bodies were used at a dilution of 1:1,000 and visualized using the
appropriate HRP-conjugated secondary antibody and the ECL sys-
tem (Amersham).

like most of the other proteins identified, oxidatively
damaged UCHL1 is selectively removed in cells that are
exposed to high iron.

B23 nucleophosmin (spot 8) is a mainly nucleolar mul-
tifunctional protein [Hingorani et al., 2000] believed to
play a role in ribosomal biogenesis, and to function as an
ER-specific molecular chaperone [Szebeni and Olson,
1999] in prevention of stress-induced aggregation and res-
toration of activity of denaturated enzymes.

Although actin is not known to interact with hydrogen
peroxide or iron, it is one of the proteins (spot 9) that is
prominently oxidized in iron-treated cells. Tropomyosin

4 (spot 7) is one of several myofilament proteins known to
be damaged during ischemia-reperfusion [Van et al.,
1998]. Despite an obvious increase in oxidative damage,
the protein levels of tropomyosin appear to decrease in
the presence of lactacystin (fig. 3, lane 7).

Two members of the heat shock family of proteins,
HSP27 (spot 4) and HSP60 (spot 11) were unexpectedly
identified as being subject to iron-dependent oxidation.
HSP-60 is a mitochondrial chaperone that does not have a
recognized tendency to iron-dependent oxidation. Al-
though these two proteins are often induced under stress
conditions [Feder and Hofmann, 1999; Hartl, 1995], the
iron treatments in our experiment induced only a mild
increase in HSP27 (fig. 3, #4) and no discernible increase
in HSP60 (fig. 3, #11). Visual inspection of these proteins
does not reveal obvious potential iron-binding sites.

Calreticulin (spot 10) is a protein with multiple as-
cribed functions [Park et al., 2001], including function as
an ER chaperone, modulation of nuclear-hormone recep-
tor-mediated gene transcription [Holaska et al., 2001] and
transport of cytosolic iron [Nunez et al., 2001]. Total lev-
els of calreticulin did not change significantly depending
on iron or lactacystin treatment (fig. 3, lane 10).

The most acidic of the iron-dependently oxidized pro-
teins selected for analysis was identified as HIRIP5, a
name this protein received upon its identification in yeast
as an interaction partner of a histone core binding protein
[Lorain et al., 2001]. It is closely related to yeast NFU1
[Schilke et al., 1999], a gene that encodes a peptide that
corresponds to the C-terminus of an iron-sulfur cluster
assembly enzyme, bacterial NifU [Agar et al., 2000].
NFU1 encodes a modular unit that corresponds to the
region of NifU that assembles a [2Fe-2S] cluster [Agar et
al., 2000]. Thus, by analogy to bacteria, human HIRIP5 is
the human form of NFU1 and is by inference an iron-
sulfur protein.

Two spots on the Coomassie gel, spots 12 and 13, were
chosen for identification despite the fact that there was
little evidence of iron-dependent oxidation. Stathmin
(pI = approximately 6.2) [Zugaro et al., 1998] is a micro-
tubule destabilizing protein [Cassimeris, 2002] and calu-
menin (pI = 4.47) is a member of the EF-hand protein
family [Honore and Vorum, 2000]. Both proteins were
abundant, and literature reviews and inspection of the
protein sequences were consistent with the result that
these proteins are not notably oxidized by increases in
intracellular iron.
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Discussion

In this study, we have identified a group of proteins
that are particularly prone to iron-dependent oxidation
and proteasomal degradation. In the design of our exper-
iment, the stimulus for oxidation was provided by in-
creased intracellular iron. In addition, inhibition of the
proteasome allowed detection of significant increases in
oxidative modifications relative to levels detected in
cells with functional proteasomes. Previously, several
studies have identified proteins that undergo oxidative
modification in response to a variety of oxidative
stresses. These include oxidation of specific yeast pro-
teins upon treatment with hydrogen peroxide or mena-
dione [Cabiscol et al., 2000], oxidation of hepatic cellu-
lar proteins upon hypoxia-reoxygenation of the liver
[Reinheckel et al., 2000], and oxidation of human endo-
thelial cell proteins upon exposure to sublethal doses of
paraquat [Mitsumoto et al., 2001]. In addition, iron
treatment of rat brain lysates leads to oxidation of pro-
teins and lipids, and also to an increase in ubiquitin
modified lysate proteins [Adamo et al., 1999]. None of
these studies compared levels of oxidized proteins in
cells treated with proteasome inhibitors to cells in which
proteasomal function was intact.

Using two-dimensional gel technology and mass spec-
trometry, we have identified 11 proteins that acquire car-
bonyl modifications in cells treated with iron and protea-
somal inhibitors. These proteins were selected for mass
spectrometric identification because they were clearly
iron-dependently oxidized and were both abundant and
distinctively positioned in two-dimensional gels. The pro-
teins identified fall into several distinct groups, and in
most instances, a reason for iron-dependent oxidation can
be readily discerned.

Two of the proteins identified, calreticulin and hNFU,
are proposed to be iron-binding proteins under some cir-
cumstances and could therefore be subject to metal-cata-
lyzed oxidation reactions [Stadtman and Oliver, 1991].
Calreticulin may be a cytosolic iron transporter [Nunez et
al., 2001]. It has a calculated pI of 4.29 and a highly acidic
C-terminus with the sequence ‘eeeedkkrkeeeeaedked-
dedkdedeedeedkeedeeed’, a region that is believed to bind
calcium in the ER, but which may also dynamically
exchange iron in the cytosol. NFU has been shown to bind
an iron-sulfur cluster in bacteria, and as a presumed iron-
binding protein, it is not surprising that this protein would
be subject to iron-dependent oxidation.

Two of the other iron-dependently oxidized proteins,
peroxiredoxin 2 and SOD1, are directly involved with

metabolism of hydrogen peroxide, and a third, DJ-1, has
been previously been identified as being paraquat-sensi-
tive. Increased intracellular iron may contribute to in-
creased SOD1 and peroxiredoxin 2 oxidation by multiple
means. Iron may increase the production of superoxide by
‘autooxidation’ of cellular metabolites such as NAD(P)H.
The dismutation of superoxide by SOD1 may then gener-
ate hydrogen peroxide, which may increase the produc-
tion of more reactive oxidizing species in a site-specific
fashion through Fenton chemistry [Koppenol, 1993] or by
other chemical means [Yim et al., 1990; Mao et al., 1993].
Although the protein identified as DJ-1 does not have
obvious sequence features or conserved functional do-
mains that offer insight into why it is a good candidate for
iron-dependent oxidation, it is prone to oxidation in the
presence of paraquat [Mitsumoto et al., 2001], as is the
aforementioned peroxiredoxin 2. DJ-1 interacts with the
androgen receptor [Takahashi et al., 2001] and is pro-
posed as a useful indicator of in vivo oxidative stress [Mit-
sumoto and Nakagawa, 2001]. Interestingly, DJ-1 is the
only protein identified in which carbonyl content does not
increase significantly in iron-treated cells when proteaso-
mal function is inhibited, implying that iron-dependently
oxidized DJ-1 is not specifically degraded by protea-
somes.

Tropomyosin, B23 nucleophosmin, and UCHL1 con-
tain highly acidic stretches that may predispose them to
transiently interact with iron and undergo iron-dependent
oxidation. B23 nucleophosmin contains two highly acidic
amino acid sequences, including the sequence ‘deddddd-
deedddedddddd’ (residues 147–166), that may be impor-
tant in its chaperone activity. These regions of high acidi-
ty could represent electrostatically favorable iron-binding
sites that render B23 vulnerable to iron-dependent oxida-
tion. Tropomyosin has not previously been demonstrated
to be subject to iron-dependent carbonyl formation, but
its multiple stretches of acidic residues (pI calculated =
4.8) are consistent with a possibility for iron-binding and
oxidation.

The discovery that UCHL1 undergoes iron-dependent
oxidation is relevant to neuroscience because neurons are
the primary site of expression of UCHL1, which accounts
for up to 2% of total brain protein [Wilkinson et al.,
1989], and our data indicate that UCHL1 is also an abun-
dant protein in the muscle derived RD4 cell line. UCHL1
is a member of a family of cysteine proteases whose prod-
ucts hydrolyze small C-terminal adducts of ubiquitin to
generate the ubiquitin monomer. The crystal structure of
the highly related protein UCHL3 contains an active site
catalytic triad of Cys95, His169, and Asp184, and the
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molecular surface consists almost entirely of negative
electrostatic potential attributable to specific and con-
served glutamic acids and aspartic acids, the likely con-
tact points for binding of basic residues in ubiquitin (K6,
K11, R72, R74) [Johnston et al., 1997; Wilkinson et al.,
1999]. A mutation in UCHL1, Ile93Met, causes partial
loss of thiol protease activity and is associated with auto-
somal dominant Parkinson’s disease in a single German
pedigree [Leroy et al., 1998]. UCHL1 has also been iden-
tified as a constituent of Lewy bodies in diffuse Lewy
body disease [Lowe et al., 1990] and is present in axons
[Bizzi et al., 1991]. Mice with gracile axonal dystrophy
contain an intragenic UCHL1 deletion [Saigoh et al.,
1999] and simultaneous genetic ablation of Uch-L1 and
Uch-L3 in mice leads to severe axonal degeneration of
specific neuronal tracts, including the gracile tract, the
nucleus tractus solitarius and the area postrema of the
medulla [Kurihara et al., 2001], Thus, the discovery that
UCHL1 is prone to iron-dependent oxidative modifica-
tion may have interesting implications in neurodegenera-
tive diseases.

Actin, HSP27 and HSP60 are not known to interact
with iron or hydrogen peroxide. Interestingly, carbonyl-
modified actin is significantly increased in the brains of
Alzheimer’s patients [Aksenov et al., 2001] and is in-
creased in myocardial reperfusion injury [Powell et al.,
2001], although in each of these cases, the initial cause of
oxidation has not been identified. Functional impairment
of actin can result from oxidation [Dalle-Donne et al.,
2001]. As increased cellular iron has been reported in Alz-
heimer’s disease and myocardial reperfusion injury
[McCord, 1998; Coudray et al., 1994; White et al., 2000],
it is possible that iron-dependent oxidation of a subset of
vulnerable proteins is an important factor in pathogenesis
of these diseases.

Interestingly, HSP27 has previously been detected in
inclusions in brains of aging rhesus monkeys, within sphe-
roids (axonal swellings) that also contain ubiquitin, alpha
B-crystallin, and ferric iron [Schultz et al., 2001]. HSP27
has not previously been described in the literature as a
target of iron-dependent oxidation, but treatment of hu-
man endothelial cells with hydrogen peroxide resulted in
enhanced expression and increased phosphorylation of
HSP27, along with four members of the peroxiredoxin
family, including the one identified in this study as perox-
iredoxin 2 [Mitsumoto et al., 2001].

Although all of these proteins are iron-dependently
oxidized, the percentage of each protein that is oxidized
and degraded by the proteasome is sufficiently small dur-
ing the treatment period that the abundance of each pro-

tein does not significantly decrease in response to iron
treatment. It is likely that the selective removal of oxi-
dized forms of the protein generally serves a protective
role for iron-loaded cells. We have identified 11 iron-
dependently oxidized proteins, but many less abundant
proteins that are not yet identified also appear to undergo
iron-dependent oxidation and proteasomal degradation
(see fig. 1).

The effects of iron-dependent oxidation are not neces-
sarily limited to carbonyl formation. Actual cross-linking
of proteins may be another effect of iron-dependent oxi-
dation that could have important consequences for cells,
since cross-linked proteins may be resistant to unfolding
and degradation by the proteasome [Grant et al., 1993;
Friguet et al., 1994]. Such proteins could occupy proteaso-
mal binding sites, but resist degradation and thereby dis-
able proteasomal function [Bence et al., 2001]. It is inter-
esting that both UCHL1 and HSP27 have been identified
in neuronal inclusions, and actin and tropomyosin have
also been found in a particular type of inclusion in Alz-
heimer’s patients known as Hirano bodies [Galloway et
al., 1987].

Our results suggest a mechanism by which certain pro-
teins could accumulate in inclusions in patients with neu-
rodegenerative diseases. Aggregation appears to be a fairly
specific phenomenon [Rajan et al., 2001] in which abnor-
mally folded proteins do not indiscriminately recruit oth-
er proteins. However, accumulation of numerous appar-
ently unrelated proteins into inclusions could be related to
a common preceding toxic event that affects a subset of
cellular proteins. Iron overload has been described in
many disease states including Alzheimer’s disease [Sayre
et al., 1999], Parkinson’s disease [Gerlach et al., 1994].
NBIA1 (neurodegeneration with brain iron accumulation
type 1, formerly known as Hallervorden-Spatz disease)
[Swaiman, 2001], aceruloplasminemia [Gitlin, 1998] and
in IRP2 knockout mice [LaVaute et al., 2001]. Inclusions
are a feature of many of these diseases. We propose that
iron-dependent oxidation of a subset of proteins that are
particularly prone to iron-dependent damage may be an
unrecognized early event that leads to inclusion forma-
tion when proteasomes are unable to rid the cell of dam-
aged proteins. We also predict that cells will contain ubi-
quitin ligases that specifically recognize iron-dependent
oxidation events and tag modified proteins for degrada-
tion. Further work will be needed to elucidate the role of
iron-dependent oxidation in settings such as aging, neu-
rodegeneration, and ischemic injury. However, our initial
attempt to identify a class of proteins that are particularly
subject to iron-dependent oxidation has revealed interest-
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ing links to proteins involved in hydrogen peroxide me-
tabolism, to the heat shock response, and to a set of pro-
teins that are commonly found in inclusions in neurode-
generative diseases.
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